We recently described adhesion to and invasion of bovine mammary gland cells by Staphylococcus aureus in vitro. Here, we show that the levels of adhesion and invasion are dependent on the bacterial growth phase and are controlled by the agr locus. Incubation of exponential growth phase cells of S. aureus with mammary gland cells resulted in bacterial cell clumping. Strains of S. aureus deficient in expression of the fibronectin binding proteins (FnBPA and FnBPB) failed to clump and their ability to adhere to and to invade the bovine mammary gland cells is strongly reduced. This indicates that the fibronectin binding proteins are essential for S. aureus adhesion to and invasion of bovine mammary gland cells. ß
Introduction
Staphylococcus aureus is a major causative agent of bovine mastitis. After entering the mammary gland through the teat canal and adaptation to the udder environment, the bacteria are able to multiply rapidly. Then, an in£ammatory reaction starts, which results in tissue damage. Many virulence factors have been proposed to play a role in the pathogenesis of S. aureus mastitis [1] . However, this knowledge has not been translated in e¡ective methods to control S. aureus mastitis. No e¡ective vaccines are available and current antibiotic therapies are often unsuccessful.
Adhesion to epithelial cells or extracellular matrix proteins is generally believed to be an early and crucial step in the infection process, preventing the bacteria from £owing out of the gland during milking [2] . Several studies have been reported about S. aureus adhesion to mammary epithelial cells [1] . Recently, we described the adhesion of S. aureus cells to a novel type of bovine mammary gland cells in vitro [3] . Cultures of alveolar cells contained two morphologically di¡erent cell types, which were most probably of myoepithelial and secretory epithe-lial origin. S. aureus adhered almost exclusively to the putative myoepithelial cells. Moreover, the bacteria were internalized e¤ciently by these cells [3] .
Cell surface proteins of S. aureus are most probably involved in adhesion to and invasion of eukaryotic cells. In S. aureus, the expression of cell surface proteins is strongly dependent on the bacterial growth phase. Most cell surface proteins are produced during early exponential growth, while exoproteins are synthesized post-exponentially [4] . This temporal gene expression is controlled by the agr locus, which is activated in response to the density of the bacterial population [5] . When the bacterial population has reached a certain density, the e¡ector molecule RNAIII is produced. This molecule represses the expression of cell surface proteins and activates the expression of exoproteins [4] .
The objective of this study was to investigate the role of the agr regulatory locus on the ability of S. aureus to adhere to and to enter bovine mammary gland cells. The results showed that levels of adhesion and invasion are dependent on agr expression. Moreover, we found that expression of the S. aureus ¢bronectin binding proteins played an essential role in adhesion, invasion and bacterial cell clumping.
Materials and methods

Strains and media
The S. aureus strains used in this study are listed in Table 1 . The S. aureus strains were grown in Luria-Bertani medium (LB) or plated on agar plates containing 5% sheep red blood cells (HIS plates). To prepare bacteria in the stationary growth phase, S. aureus strains were grown overnight (18 h ) in LB at 37³C with vigorous shaking. To obtain bacteria in the exponential growth phase, the stationary phase cultures were diluted (100U) in LB and incubated at 37³C with vigorous shaking to an OD 600 of 0.3. Stationary or exponentially growing cells were washed once in phosphate-bu¡ered saline (PBS, 0.01 M, pH 7.2) and cell pellets were resuspended in Earle's minimal essential medium (EMEM) containing chloramphenicol (100 Wg ml 31 ) to a density of approximately 1U10 8 cells ml 31 . The chloramphenicol was added to stop further protein synthesis, thereby maintaining the bacterial cells in a static state representative to their growth phase.
Adhesion and invasion assays
Culturing of bovine mammary gland cells and adhesion and invasion assays were performed as previously described [3] . All assays were carried out in triplicate.
Light microscopy
To visualize adherent and intracellular bacteria, monolayers were ¢xed with 2.5% formaldehyde in PBS for 30 min and then stained with Giemsa solution. Monolayers and bacteria were observed by light microscopy. To visualize intracellular bacteria, the extracellular bacteria were lysed by incubation with 10 Wg ml 31 lysostaphin (Sigma Chemical, St. Louis, MO, USA) for 60 min at 37³C prior to ¢x-ation.
Clumping assay
Clumping was observed microscopically during incubation of S. aureus cells with bovine mammary gland cells. To test whether clumping was dependent on the presence of mammary gland cells, bacterial dilutions in EMEM were incubated in 24-well plates without cells. To prevent adhesion of bacteria to plastic, the plates were pre-incubated with 1% bovine serum albumin (BSA, Sigma) in EMEM for 1 h at 37³C.
Results
Growth phase dependent adhesion and invasion
Cells of S. aureus strain M60 in de exponential and stationary growth phase were used to study the e¡ect of the bacterial growth phase on adhesion to and invasion of bovine mammary gland cells. Compared to stationary phase cells, exponential phase cells showed 2-fold higher levels of adhesion as well as 20-fold higher levels of invasion ( Fig. 1 ). This indicates that the S. aureus factors which are involved in adhesion to and invasion of bovine mam-mary gland cells are mainly expressed in the exponential phase of growth.
agr dependent adhesion and invasion
We next determined the e¡ect of agr mutations on the levels of adhesion and invasion (Fig. 2) . Compared to stationary phase cells, exponential phase cells of the wild-type strain RN6390 showed higher levels of adhesion (3-fold) and invasion (70-fold). These data are in accordance with the data obtained with the mastitis isolate M60. Exponential phase cells of the wild-type strain RN6390 and the agr 3 strain RN6911 showed comparable levels of adhesion and invasion. However, in contrast to the wild-type strain, which showed reduced levels of adhesion and invasion of stationary phase cells, stationary phase cells of the agr strain RN6911 adhered and invaded as e¤ciently as the exponential phase cells. So, in an agr mutant, the levels of adhesion and invasion are independent of the growth phase. Strain RN7220 constitutively expresses the RNAIII e¡ector molecule. This causes a decrease in expression of cell surface proteins during both growth phases. As expected, the expression of the RNAIII molecule caused a reduction in the levels of adhesion and invasion (Fig. 2) . However, like observed for the agr 3 strain, the levels of adhesion and invasion were independent of the bacterial growth phase. These data indicate that the growth phase dependent expression of proteins involved in adhesion and invasion is controlled by the agr locus.
agr and growth phase dependent clumping of S. aureus cells
In addition to measuring the numbers of adherent and intracellular bacteria, the adhesion and invasion processes were followed by light microscopy. Large clumps of bacterial cells were observed during incubation of S. aureus strain RN6390 with the bovine mammary gland cells (Fig. 3) . Clumping was only observed for bacteria in the exponential growth phase (compare Fig. 3A,B ) and seemed to be regulated by the agr locus (Table 1) . Moreover, because S. aureus cells incubated in BSA-coated 24-well plates were unable to form clumps, interaction of S. aureus cells with mammary gland cells seemed to be required for clumping. In the presence of mammary gland cells, clumps were absent at the start of the incubation period and appeared as a function of time. These observations suggest that interaction between the mammary gland cells and agr-regulated cell surface components is responsible for the observed cell clumping.
Role of ¢bronectin binding proteins on adhesion and invasion and clumping
Clumping of S. aureus cells has been observed before and was mediated by host proteins like ¢bronec-tin [10] . Therefore, we tested an isogenic S. aureus mutant, which is unable to express the ¢bronectin binding proteins (FnBPA and FnBPB), for its ability to clump when incubated with cultured bovine mammary gland cells. As shown in Table 1 , mutant DU5883 was unable to form clumps in the presence of mammary gland cells. This strongly suggests that the ¢bronectin binding proteins are essential for the clumping observed after incubation of S. aureus with mammary gland cells. Moreover, we also observed an e¡ect of the expression of the ¢bronectin binding proteins on the levels of adhesion and invasion (Fig.  4) . Compared to the wild-type strain 8325-4, S. aureus strain DU5883 showed much lower levels of adhesion (6-fold) and invasion (30-fold). These results could indicate that clumping of S. aureus plays a role in adhesion to and invasion of bovine mammary gland cells.
Discussion
In the present study, we show that the S. aureus ¢bronectin binding proteins (FnBPA and FnBPB) play an essential role in bacterial clumping, adhesion and invasion. A mutant de¢cient in ¢bronectin binding was unable to clump and levels of adhesion to and invasion of mammary gland cells were strongly reduced. The synthesis of ¢bronectin binding proteins is known to be regulated by the agr locus Fig. 2 . E¡ect of agr on S. aureus adhesion (A) and invasion (B). S. aureus wild-type and mutant strains in the exponential phase (E) or the stationary phase (S) were incubated with monolayers of mammary gland cells and the numbers of adherent and intracellular bacteria were determined. and, therefore, are mainly expressed in the exponential growth phase [4] . This explains the e¡ects of growth phase and agr expression on the levels of adhesion and invasion. The bacterial growth phase seemed to have a more pronounced e¡ect on the level of invasion then on the level of adhesion (Figs. 1 and 2) . However, based on light microscopy, a more pronounced e¡ect of the growth phase on the level of adhesion was expected. Large di¡erences in the numbers of adherent bacteria were visible between monolayers incubated with bacterial cells either in the exponential or stationary growth phases (results not shown). This could suggest that the numbers of adherent bacteria as measured by plating are an underestimation of the real numbers of adherent bacterial cells. An explanation for this observation may be that adherent bacterial cell clumps were not completely dispersed before plating. Similar effects of agr mutations on interactions with eukaryotic cells have previously been described for adhesion of S. aureus cells to mesothelial cells [11] and invasion of MACT cells [12] .
In the mammary gland, ¢bronectin is not present at the luminal site of ductular and secretory epithelial cells, but beneath the epithelial cell layer in the basement membrane and around myoepithelial cells and ¢broblasts [13] . Therefore, staphylococci have to pass the epithelial cell layer to be able to bind ¢bro-nectin. Histopathological studies showed that staphylococci were indeed present under the epithelial layer, even early in infection [2] . After entering the mammary gland, rapidly replicating staphylococci produce several components, which cause in£amma-tory reactions. These in£ammatory reactions result in damage of the epithelial cell layer, making contact between staphylococci and underlying structures possible. In vivo replicating S. aureus cells are presumed to be in the exponential growth phase, so that a high expression of ¢bronectin binding proteins is expected. Binding to ¢bronectin may then lead to uptake of bacteria by myoepithelial or ¢broblastic cells.
Clumping of S. aureus mediated by host proteins is considered to be a virulence property [14, 15] . Clumping may be of advantage to the bacteria by reducing their susceptibility to host defense mechanisms such as phagocytosis and killing by phospholipase A [16] . Moreover, in vivo aggregates of bacteria were also observed in heavily infected bovine mammary glands [2] . Our data could indicate that clumping of S. aureus is correlated with its ability to adhere e¤ciently and invade bovine mammary gland cells. Although further experiments will be necessary to examine whether this idea is correct, similar ideas were recently presented for adhesion and invasion of group A streptococci (serotype M1) [17] .
Group A streptococci use ¢bronectin as a bridging molecule between the bacteria and integrin molecules in the eukaryotic cells [18] . Integrins connect the extracellular matrix with the actin ¢lament network within the eukaryotic cell. Binding of bacteria to integrins is shown to result in a cascade of signal transduction events leading to uptake of the bacteria by the cell [19] . Because eukaryotic signal transduction and rearrangements of actin ¢laments seemed to be required for uptake of S. aureus cells by mammary gland cells [3, 20] , similar mechanisms can be envisaged in S. aureus. Therefore, it will be of interest to study whether S. aureus cells use ¢bronectin molecules as a bridging molecule to bind to integrins. In this study is described for the ¢rst time that ¢bronectin binding proteins of S. aureus are essential for adhesion to and invasion of mammary gland cells. Since the ¢bronectin molecule is highly conserved among human and animals, this ¢nding may also be of importance for other types of staphylococcal infections.
